Introduction
Modern forensic chemistry and many similar analytical fields rely on gas chromatography (GC) or liquid chromatography (LC) coupled with mass spectrometry (MS) for the analysis, identification and quantification of small molecules, such as therapeutic agents and drugs of abuse. Advances in GC, LC and MS instrumentation and software have increased sensitivity and throughput. However, extensive pretreatment of the biological samples is often necessary. Typically, the addition of an internal standard and removal of proteins (deproteinization), lipids and other interfering compounds from biological matrices, such as whole blood, is required before LC-MS analysis is feasible (1) . The three most commonly used techniques for removing matrix compounds are solid-phase extraction (SPE), protein precipitation (PPT) and liquid-liquid extraction (LLE). The development of these applications has been increasing rapidly in recent years (2) .
The need for fast and efficient sample pretreatment has increased with the development of GC and LC-based analytical methods. An automated sample preparation setup has the advantages of decreased manual work, improved analytical precision and accuracy, better ergonomics and the elimination of human errors (3, 4) .
To obtain all of the advantages of automated sample preparation, a robust system that includes the entire sample preparation should be developed. Many semi-automated procedures have been published for plasma, serum and urine (5 -7) but few methods have addressed the handling of whole blood, and they often require some initial manual pretreatment such as protein precipitation, centrifugation and/or the addition of an internal standard (8 -10) .
The aim is to develop a system that can handle the forensic material in a fully automated procedure. Hence, the design of a robotic setup capable of performing all steps in Figure 1 without any manual intervention, along with general considerations and key performance parameters for an applied analytical method, are described. Validation data from a quantitative LC -MS analysis of D 9 -tetrahydrocannabinol (THC) is presented as an example of the application of the robotic setup in forensic toxicology. In addition to eliminating manual intervention in sample preparation, the flexible setup introduces the possibility of collecting multiple fractions of the eluate or dividing the extract into multiple fractions for analysis by several instruments. Furthermore, by implementing an evaporator on the robotic worktable, concentrating the extract is also possible.
The pipetting of whole blood, especially postmortem samples of varying quality, presents several challenges. The conditions of the samples differ in terms of viscosity, sedimentation and degree of coagulation. When developing a robust pipetting procedure for whole blood, the aim is to pipet a known aliquot from a homogenous sample without any chance of cross-contamination. Such a procedure has been developed and evaluated.
Another crucial step in sample preparation is spiking blank matrix with standard solutions for use as calibrators and the addition of internal standard to all samples. Although automated liquid handling systems are generally able to pipette with high precision (11) , this capability depends on the settings of the pipetting command, especially when pipetting volatile solvents. A compromise between good solubility of the analytes and internal standard and low volatility is achieved by dissolving the compounds in 50% (v/v) methanol in water (12) . A procedure using a balance and ultraviolet (UV)-photometer was used to evaluate the accuracy and precision of pipetting a colored solution of Orange G.
Experimental

Automated sample preparation
The typical steps involved in sample preparation using PPT and SPE from a bar-coded tube to a sample ready for injection on a GC or LC is shown in Figure 1 . Before the steps shown, the collected blood samples were distributed into several secondary tubes and labeled with the corresponding barcode as part of the laboratory's sample registration procedure.
Instrumentation
The robotic setup was built on a Freedom Evo 200 platform (Tecan, Ma¨nnedorf, Switzerland) with several add-ons from Tecan and third-party vendors. This highly customized robotic setup provides a platform for performing fully automated sample preparation from sample tubes to the prepared 96-well plate ready for injection.
The worktable included several Tecan system components: liquid handling arm with eight individual pipettes using disposable tips, robotic manipulator arm for plate movement, orbital shaker for 96-well plates, 200 and 1,000 mL conductive disposable tips, vacuum station, plate, trough, tube carriers, barcode scanner, waste channel and wash station (Figures 2A and 2B Pipetting of whole blood samples After comparing the barcode of the sample tube to a sample list created by the laboratory information management system (LIMS), the first and crucial step is getting a known aliquot of sample transferred to a 96-well plate. To ensure high reliability of the pipetting, a standard laboratory balance was integrated in the robot. The balance was fitted with a custom weighing pan for microplates and a custom draft shield ( Figure 3 ). The draft shield allowed robotic movement of plates to and from the balance and pipetting directly into the deep well plate on the balance. Each individual sample was weighed when transferred to the deep well plate. The lower threshold was set at 150 mg of transferred sample mass. If an insufficient amount of blood was transferred from a sample, additional pipetting was performed. The liquid handling system calculated the difference between the transferred sample mass and the desired amount, and automatically tried to pipette the remaining sample mass to the correct well in the deep well plate without any manual intervention. Up to three pipetting steps were performed for the same sample if the total transferred sample mass was less than 150 mg. If the total transferred sample mass was less than 150 mg after the third pipetting step, the sample was discarded from the series. This is reported back to the LIMS and the sample is automatically included in the next series of sample preparation. If the total transferred sample mass was greater than 150 mg, the weight was transmitted via the LIMS to the analytical instrument and used in further data processing.
The pipettes were equipped with conductive disposable tips to eliminate any chance of cross-contamination between samples (13) . By carefully programming the horizontal movement of the pipettes, they never moved over any wells or tubes in the pipetting sequence. To ensure a homogeneous sample, the samples were mixed immediately before aspiration by dispensing air in the bottom of the sample tube. The pipetting sequence was used in the routine analysis and preparation of 1,092 samples, including 198 postmortem samples, some of which were very viscous and putrefied samples. In addition, 1,227 samples of pooled blank blood were prepared.
In a later stage of the development, wide bore disposable tips were tested. These tips had an inner diameter of 1.5 mm at the tip end (normal tips: 0.7 mm). They were tested to reduce the number of samples with a total transferred mass of less than 150 mg due to tip clogging. Samples, including postmortem samples of low quality, that had low transferred sample masses during routine analysis were selected and re-pipetted using the wide bore tips. The pipetting of large volumes of solvent was also evaluated using the wide bore tips. Validation of the addition of calibration and internal standards The addition of standard solutions and internal standards was tested using a solution of Orange G [200 mg Orange G in 500 mL 50% (v/v) methanol in water] and a Tecan Sunrise microplate absorbance reader at 492 nm. To evaluate the procedure of adding internal standards to the samples, a transparent 96-well plate was placed on the balance and each well filled with 180 mL water. The balance was tared and 20-mL aliquots of Orange G solution transferred to the plate by a multipipetting sequence in which 180 mL from the same tube of Orange G solution was aspirated into each of the eight pipettes mounted with a 200-mL disposable tip. The volumes in each of the eight pipettes were distributed over nine columns in the 96-well plate by dispensing 20 mL in each well. The total mass of the 72 aliquots was used to determine the accuracy of the addition. For the evaluation of precision, the plate was placed in the absorbance reader and the absorbance at 492 nm was measured in each well.
Single-pipetting using customized pipetting settings was performed when adding standard solution to samples used for calibration. To evaluate the addition of standard solutions by single-pipetting, the wells in the transparent plate were filled with 180 mL water and varying volumes of Orange G solution. A simple procedure for validating the pipettes using the balance and an absorbance reader was developed according to principles in previously published papers (14) .
Example of application: Quantitative analysis of D 9 -tetrahydrocannabinol
The robotic platform was used for the sample preparation in a quantitative analysis of THC. Blood samples were transferred to a deep well plate by pipetting system as described previously. In each series, calibrators included in double replicates with concentrations of 1.0, 5.0 and 20. ng/mL were made automatically on the robot by spiking blank blood with 20 mL of stock solution. Each series also included quality controls at 1.0 and 10.0 ng/mL. Finally, 20 mL of internal standard (THC-d3) was added to each sample and the samples were mixed by shaking on the orbital shaker. PPT was performed by adding 400 mL acetonitrile while rigourously shaking the plate on the orbital shaker. After sealing, the plate was centrifuged for 10 min at 1,000 g. A 96-well SPE plate (Strata X-C 30 mg/well, Phenomenex, Torrance, CA) was conditioned with 800 mL acetonitrile and 800 mL 0.1M acetic acid in water. The SPE columns were filled with 400 mL of 0.1M acetic acid in water and 400 mL of supernatant from each sample were transferred to each well in the SPE plate. All samples were first washed with 700 mL 0.1M acetic acid in water followed by 700 mL 0.1M acetic acid in 40% (v/v) acetonitrile in water and finally extracted with 500 mL 2% (v/v) acetic acid in acetonitrile. The eluate was evaporated to dryness at 308C and reconstituted in 40 mL 20% (v/v) 2 mM ammonium acetate buffer ( pH 6.2) in methanol.
Chromatography was performed using an ACQUITY UPLC system (Waters Corporation, Milford, MA) equipped with an Acquity BEH Phenyl column (100 Â
Results
Pipetting of whole blood
The balance ensured that the exact weight of each transferred sample was known. The desired amount of transferred whole blood was 211 mg (corresponding to 200 mL using an average density of whole blood of 1.055 g/mL), and to assure sufficient analytical sensitivity, the minimum transferred weight of each sample was set to 150 mg. Tip clogging did occur due to the presence of coagulates, causing an insufficient gravimetric amount of whole blood being transferred to the deep well plate. This issue was partly solved by adding automatic second and third pipetting steps. If the pipette clogged during the first pipetting step, leading to a low mass of transferred sample, the following pipetting step often brought the total transferred sample mass close to the desired amount. This setup results in very few transferred sample masses that did not meet the requirement of 150 mg. Of the 1,092 samples transferred, including 198 postmortem samples, 996 (91.2%) samples were above the limit after only one pipetting step ( Figure 4A ), 65 (6.0%) additional samples were above the limit with two pipetting steps, and 12 (1.1%) samples met the minimum after three pipetting steps. Only 19 (1.7%) samples, including nine postmortem samples, did not meet 150 mg after three pipetting steps. These samples were discarded in the current series and automatically included in the next analytical series by the LIMS. Among these 19 samples ( Figure 4B ), 16 were transferred in the desired amount in the subsequent sample preparation. Only three samples required special treatment, such as dilution, and all were postmortem samples.
The distribution of the transferred mass of samples in routine analysis (n ¼ 1,092) and samples of pooled blank blood (n ¼ 1,227) is shown in Figure 5 . Most samples in routine analysis (72.7%, 794 of 1,092) were within the desired target weight (+10%, 190 to 232 mg). Pooled blank blood used for quality control (QC) and calibration samples could all be pipetted and 96.9% (1,189 of 1,227) were within the desired target weight (+10%, 190 to 232 mg). The coefficient of variation (CV) of the balance at 211 mg was ,0.5% and did not affect the overall imprecision of the analysis.
The wide bore tips provided a more narrow distribution of transferred sample mass, most likely due to the decreased possibility of tip clogging. Figure 6 (n ¼ 48) shows the transferred sample mass in one pipetting step. The 48 samples selected for this test showed low transferred sample masses in the routine analysis and were typically more viscous with a higher occurrence of coagulates. The wide bore tips provided a more narrow distribution but did not eliminate the need for gravimetric measurement of the transferred sample.
The wide bore tips seemed to provide sufficiently precise and accurate pipetting of large volumes of solvent, even with methanol and acetonitrile. Standard deviations and accuracies did not differ significantly from pipetting with normal disposable tips (results not shown).
Validation of the addition of internal standard and calibrator spiking
To validate the addition of internal standard dissolved in 50% (v/v) methanol in water, absorbance readings were used to investigate any differences between the eight tips and the nine subsequent dispenses in the multi-pipetting sequence. Small systematic differences were observed between the eight tips, but this did not influence the overall imprecision of the applied methods. However, large variations were observed between the nine dispenses in the multi-pipetting sequence ( Figure 7) .
The first dispensed volume was significantly larger than the desired volume of 20 mL, leading to an insufficient volume from the final dispensing step, which had a mean volume of 9.38 + 1.78 mL. The second dispensing step showed good accuracy with a mean of 19.93 mL (n ¼ 72), but with a standard deviation of 0.74 mL (3.7%), which did not meet the requirements. For dispensing steps 3 -8, the mean volume ranged from 19.72 to 20.00 mL, and standard deviation ranged from 0.18 mL (0.89%) to 0.40 mL (2.01%). The imprecision of the absorbance readings for 20 mL Orange G solution were lower than 0.2% and, therefore, did not affect the overall CV to any significant extent.
The final procedure for adding internal standard consisted of aspirating 180 mL into each of the eight pipettes equipped with a 200-mL disposable tip. The first two aliquots of 20 mL were discarded. Six aliquots of 20 mL were then dispensed into each well over six columns. The final 20-mL aliquot was discarded. This procedure resulted in the addition of 48 aliquots of internal standard. To apply internal standard to the samples in the entire plate, this procedure was repeated for the remaining 48 wells. The mean volume of the addition was 19.91 mL with a standard deviation of 0.29 mL to each well, corresponding to a CV of 1.5%.
Calibration solutions dissolved in 50% (v/v) methanol in water were added to the wells by single-pipetting of 4, 6, 10 and 20 mL volumes (Table I ). The CV ranged from 4.9 to 1.1%. The inaccuracy was 0.4 -0.9% for volumes at or higher than 6 mL, and 2.5% for 4 mL. To avoid any differences between the eight tips, only one tip was calibrated and used in addition of calibration standards.
Example of application
The robotic sample preparation setup was used to analyze THC in whole blood samples from forensic cases. A previously published manual method (15) was scaled down and modified for full automation. Sample preparation included barcode reading, weighing transferred sample masses, adding calibration solutions to blank samples and pipetting internal standards to the samples, protein precipitation, centrifugation, SPE, evaporation, reconstitution and transfer to a barcode labeled PCR plate. By monitoring the sample preparation of 15 series of samples, the average preparation time was 2 h and 50 min per series/plate, including three levels of calibrators in duplicate and two quality controls. A total of 20 -30 min was needed before this period for system startup, sample arrangement and solvent loading. Even with fast chromatography, this timeframe is typically quicker than the following LC-MS analysis. Accuracy and imprecision of the method during three validation runs prepared on three different days resulted in an inter-assay imprecision of 18.2% at 0.2 ng/mL and ,8.0% at levels 0.5 -50.0 ng/ mL. The accuracy ranged from 95 to 113% at levels 0.5 -50.0 ng/mL and 124% at 0.2 ng/mL. Lower limit of detection, lower limit of detection and upper limit of quantification was 0.2, 0.5 and 50.0 ng/mL, respectively. Recovery of the sample Figure 6 . Comparison of transferred sample mass of whole blood pipetted using normal and wide bore disposable tips. Figure 7 . Average dispensed volume of the eight pipets in each dispensing step in the multi-pipetting sequence used for addition of internal standards. Standard deviation on a single pipetting is shown. Pipetting steps three to eight were used in the final procedure for the addition of internal standard.
preparation including PPT and SPE was 66%. In routine analysis, one QC sample of low (1.0 ng/mL) concentration and one of high (10 ng/mL) concentration were included in each series. The CV for 107 series of sample preparations was 9.47% for the QC sample at the low concentration and 6.29% for the QC sample at the high concentration. The LIMS handled all information regarding sample barcodes and transferred sample masses, and discarded samples automatically.
Discussion
A fully automated sample preparation procedure for whole blood, including postmortem samples, was developed by integrating several add-ons to the robotic worktable. This setup also made possible a variety of different sample preparation procedures, including protein precipitation and solid-phase extraction, with the option of collecting multiple fractions and concentrating eluates (16) . With the possibility of dividing the eluate into several plates and collecting multiple elutions, the system is able to prepare plates for several analytical instruments at the same time. This ability is relevant when several screening and/or quantitative analyses are desired for the blood samples, as is the case in forensic toxicology.
The offline setup provides a highly flexible system, in contrast to the many online applications, which have been more frequently used in recent years (17) . In clinical chemistry, a highly flexible system is rarely needed and a sample-by-sample approach is often more advantageous, leading to short turnaround times (18, 19) . When using an online system, preliminary manual steps are often required, such as protein precipitation, centrifugation, and the addition of an internal standard. Therefore, a fully automated system is not necessarily developed, but a system with few manual interventions can be attained when combining an automated liquid handling system with online SPE sample preparation (20) . The online approach may be particularly suitable for urine analysis, which usually requires fewer preparative steps. The offline approach is capable of providing a fully automated system, even for complex sample preparation procedures, but requires expensive instrumentation and highly trained experts (21) .
A critical point when dealing with whole blood is pipetting a known aliquot of whole blood, especially with regard to postmortem samples. Pipetting a known aliquot was achieved by introducing a balance to the robotic worktable. The data obtained from routine analysis demonstrated that a gravimetric measurement is required when using an automated liquid handling system to pipet whole blood. The differences among authentic samples induce a more broad distribution of transferred sample masses than samples from pooled blank blood because of the varying conditions of the samples. To reduce the number of samples sent to subsequent sample preparation, two additional pipetting steps were added. When pipetting the same sample up to three times in the sample preparation, less than 2% of the samples required subsequent sample preparation. Vogeser and Spo¨hrer (8) developed a more simple automated procedure for extracting whole blood for cyclosporine measurement, but they dealt with fresh anticoagulated blood, which is less demanding.
To obtain a more narrow distribution of total transferred sample mass, the lower threshold could be increased. An increased lower threshold should be accompanied by the addition of more pipetting steps to avoid an increase in rejected/ repeated samples. Additional pipetting steps would slightly increase the overall time needed for sample preparation, but could easily be implemented if a more narrow distribution is desired. Initial studies showed that the use of wide bore tips could both provide a more narrow distribution and reduce the number of samples sent for subsequent sample preparation.
A precise pipetting procedure with sufficient accuracy for volumes !6 mL was developed and monitored by evaluating the pipetting of Orange G solution in an appropriate solvent mixture. Due to the larger air volume, the disposable tips potentially introduce lower precision and accuracy compared to a system using fixed tips, which can provide both high precision and accuracy with volumes as low as 100 nL (22) .
When comparing the analytical performance of the application for THC analysis presented here, the flexible offline setup provides imprecision comparable to validation data of similar methods using manual or semi-automated online SPE sample preparation procedures (15, 23, 24) .
Conclusion
A fully automated robotic setup for the preparation of whole blood samples from forensic material was developed, validated and used for routine analysis. The system handled samples from sample tubes to a ready for injection sample plate without any manual intervention. Pipetting of a known aliquot of whole blood samples, including postmortem samples, was enabled by introducing a balance and performing gravimetric measurements. The robust pipetting procedure can be further optimized by using wide bore tips. Using the balance and an absorbance reader, the addition of internal and calibration standards was validated, demonstrating satisfactory precision and accuracy at volumes ranging from 6 to 20 mL. 
